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1 INTRODUCTION
In engineering practice it is often necessary to find
remedial measures to geotechnical problems which
may cause some hazard into urban areas. In such cases,
ground improvement techniques like grouting may be
much more convenient and with a lower impact than
more traditional approaches. The different grouting
techniques (permeation grouting, compaction grout-
ing, jet-grouting, …) are classified according to the
type of grout and the injection method adopted, being
the increase in soil strength the first goal of all of them.
In permeation grouting, for instance, the grout
(solution, suspension or emulsion) is usually injected
into the voids among soil particles with a pressure
low enough to prevent soil displacement or hydro
fracturing. For such a reason, groutability of a soil is
strictly connected to its permeability, being the soil
shear strength also important to set a proper injection
pressure. Grouts are rather complex fluids and can
have a wide range of rheological properties, initial vis-
cosity, setting time, final strength, stability and dur-
ability. All the above properties have to be taken into
account to plan the injection process, which must be
long enough to allow permeation, but cannot exceed
the time needed to start hardening (gel time).
There has been an extensive use of permeation
grouting in time, and many successful applications
are shown in literature with different kinds of grouts,
especially in sands and gravels which, because of
their high or very high permeability, exhibit minor
problems during the permeation process. Due to the
continuous technological progress, applications to
lower permeability soils have been attempted in the
last two decades by using chemical solutions with
lower and lower viscosities.
One of these unusual applications has been suc-
cessfully tested at the University of Napoli Federico II,
injecting very diluted sodium silicate based solutions
into a fine grained, low permeability pyroclastic silty
sand (pozzolana), which constitutes a relevant part of
Napoli subsoil. Pozzolana is a well graded cohesion-
less silty sand whose mechanical properties strongly
depend on the degree of saturation (usually lower
than one on site). Its behaviour has been carefully
investigated in situ and in laboratory in the past, and
the main features of its mechanical behaviour are
nowadays fairly well known (Pellegrino, 1967; Scotto
di Santolo, 2000). The range of typical values of
physical and mechanical properties of unsaturated
pozzolana are summarized in Table 1. The research
has been carried out to verify the capability of perme-
ation grouting to give some cohesion to pozzolana,
thus mitigating the hazard caused by the well known
volumetric collapse and loss of shear strength that
such material shows upon wetting.
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The grouts based on sodium silicate solutions are
widely used in practice, and both in situ and laboratory
investigations on their effectiveness are reported in lit-
erature (Littlejohn, 1992, Jefferies, 2003). However,
the typical viscosity of these grouts would make them
unsuited for low permeability soils like pozzolana. This
limitation could be overcome by using a very low
sodium silicate content and keeping the initial viscos-
ity as low as that of water (1 cps) (Lirer et al., 2004).
Grouting of pozzolana has proved to be successful
because of the chemical activity of pozzolana particles,
and could be assessed by a number of laboratory tests.
In particular, carrying out a large number of simple
unconfined compression tests it has been possible to
highlight the influence of curing time, moisture condi-
tion and amount of retained grout. A detailed descrip-
tion of the procedures adopted to analyse grouting
effectiveness from a mechanical and chemical point
of view can be found elsewhere (Lirer et al., 2004).
The laboratory investigation has then been focused on
a more detailed analysis of the stress-strain behaviour
of the material treated with the best suited grout. To
this aim, a large testing programme was planned: this
paper refers on the experimental results obtained and
on the indications gained for an accurate mechanical
characterization of the grouted pozzolana.
The results obtained from oedometric and isotropic
compression tests as well as from triaxial tests, clearly
indicate that grouted pozzolana specimens show a com-
plex mechanical behaviour due to the new artificial
structure induced by grouting.
For natural soil, structure depends on the physical
and chemical conditions applied during deposition,
consolidation, ageing and unloading (Mitchell, 1976).
Many works in literature have given a contribution to
the understanding of the role of structure (term used
to combine fabric and bonding) on the overall mechan-
ical soil behaviour.
Following this approach, in this paper the influ-
ence of such artificial structure on the behaviour of
grouted pozzolana has been carefully analysed, using
as a reference state the behaviour of the untreated nat-
ural pozzolana.
2 THE USE OF SODIUM SILICATE
SOLUTIONS AS CHEMICAL GROUTS
Sodium silicates are highly alkaline viscous solu-
tion [(SiO2)n2n(H2O)]. They are able to improve soil
mechanical properties by becoming a solid glassy
reticulated material [(SiO2)n]. The network of glassy
material fills part of the intergranular voids (physical
improvement). The behaviour of sodium silicates is
basically well understood, and there is a large number
of paper concentrating on the influence of the main
factors affecting it (e.g. Sheikh et al., 1992): sili-
cate/soda relative percentage, kind of additives, their
relative and absolute percentages, as well as curing
time and temperature. Published data indicate that the
effectiveness of grouting depends essentially on
retained grout content, usually agreeing on the fact
that grouting increases only the cohesive component
of the shear strength (Littlejohn, 1992).
The sodium silicate solution used in this study
(PROCHIN ITALIA) has a high silica to soda weight
ratio (SiO2/Na2O  3.5) and a density of 1.36 g/ml.
An inorganic additive (sodium bicarbonate water
solution) has been used to trigger the condensation
reaction; this choice allows to have the best possible
performance in terms of durability of the grouted soil.
Several grout solutions with different setting times
have been analyzed, keeping in all cases the initial
viscosity less than 1.8 cps, before finding the best pos-
sible combination of ingredients (Lirer et al., 2004).
In pozzolana, these solutions are also able to trigger
chemical reactions among grains, thus adding a fur-
ther positive effect (chemical improvement).
3 MECHANICAL BEHAVIOUR OF
SILICATE GROUTED POZZOLANA
As previously mentioned, the basic features of the
rheological and mechanical properties of grouted poz-
zolana have been initially analysed by means of uncon-
fined compression tests. Details on these tests and on
their interpretation are given in Lirer et al. (2004). As
expected, these results (Fig. 1) indicate that the very
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Table 1. Ranges of typical values of the main physical and
mechanical properties of pozzolana.
Gs e w (%) S k (m/sec) w (°)
2.2–25 1.2–1.5 15–30 0.2–0.6 106–107 35–38
Figure 1. Unconfined compression tests on grouted poz-
zolana specimens (Lirer et al., 2004).
diluted silicate grouts adopted are effective in this case,
improving the mechanical properties of pozzolana.
The uniaxial strength of grouted pozzolana increases
with increasing curing time and grout content.
Furthermore, the measured uniaxial strength is larger
for specimens cured at lower surrounding moisture
conditions (relative humidity RH  50%).
Testing programme. Once the general information
on the overall behaviour of grouted pozzolana was
known, a complementary testing programme has been
carried out on natural (untreated) and grouted pozzolana
specimens (Table 2) by means of oedometer tests and
high pressure triaxial tests. All natural and grouted spec-
imens have been reconstituted in laboratory. Grouted
specimens have been obtained by stirring together grout
and pozzolana: the resulting slurry has been poured to
cure into plastic moulds. With this procedure, specimens
fully saturated by the grout (best possible effect) have
been prepared. All specimens have been cured at con-
trolled moisture condition (relative humidity RH 
100%) for about three months: from the results shown
in Figure 1 it is evident that such curing time is long
enough to allow the complete development of the
grout hardening process.
In Table 2 the experimental programme is sum-
marised, highlighting the kind of test (OED oedome-
ter, ISO  isotropic and CID/CIU  triaxial test) and
the main specimens properties.
On site, pozzolana is usually unsaturated and it is
nowadays well known that this partial saturation plays
a major role on its mechanical behaviour (Nicotera,
1988; Scotto di Santolo, 2000). However, the testing
programme is composed by tests performed on both
saturated and unsaturated soil. In particular, the oedo-
metric tests have been carried out on unsaturated
specimens while for the other tests in which volume
change measurements are needed, the specimens have
been saturated prior to testing. Due to the very low
permeability of the grouted specimens, they have
been saturated using a mixed procedure, first boiling
and then filtrating them (Maccarini, 1987).
One-dimensional and isotropic compression testing.
Oedometer tests have been carried out up to a max-
imum vertical effective stress of about 20 MPa.
It is well known that for granular materials (e.g.
Liu & Carter, 1998), it is not possible to detect a
unique virgin compression curve: different void ratios
are possible at any given stress state for a normally
consolidated material. The reason for this is that the
compressibility of these materials generally depends
on micro-structural features and different initial
structures are possible in relation to different depos-
itional processes. Natural pozzolana fully behaves
like a granular material and, as a consequence, a large
influence of the initial void index must be expected
on its mechanical behaviour. Furthermore, in the case
of partial saturation, structure also depends on soil
suction s (s  ua  uw, where ua and uw are air and
water pressures, respectively), being s a function of
the initial water content w (s  s (w)).
In Figure 2 the oedometer test results on natural
and grouted pozzolana specimens are shown in the v–
log(s9v) plane. Natural pozzolana specimens show
gently curving slopes, which tend to converge but do
not identify a unique normal compression line (NCL).
On the contrary, the results of all tests carried out on
grouted pozzolana show a much stiffer response up to
the yield stress (about 0.3 MPa); beyond this point,
the compressibility of the grouted material becomes
very large. Differently from the natural pozzolana, in
this case a unique curve can be identified both before
and after the yield stress has been reached.
Such features are typical of soft rocks (Aversa, 1991)
and structured clays (Kavvadas et al., 1998). In the
case of grouted pozzolana, the structure is artificially
induced by grouting, but its role is similarly relevant.
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Table 2. Experimental testing programme.
Test Specimen n° e0 S
OED natural 4 0.98–1.11 1
grouted 4 1.09–1.17 1
ISO natural 3 0.88–1.04 1
grouted 5 1.09–1.14 1
CID natural – – –
grouted 3 1.09–1.14 1
CIU natural 3 0.88–1.04 1
grouted 2 1.09–1.14 1
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Figure 2. One-dimensional compression behaviour of nat-
ural and grouted pozzolana specimens (S  1).
After the yield stress is reached, structure is progres-
sively damaged and, ideally, the soil behaviour should
tend towards the one exhibited by the natural speci-
mens. Test results are in good agreement with this
hypothesis.
During oedometer tests both deviatoric and isotropic
effective stress components change, inducing the accu-
mulation of the corresponding deviatoric and volu-
metric plastic strain. It is very likely that both these
components play a role in the overall mechanical
behaviour of the material. In order to highlight this
aspect and carefully study the mechanics of the grouted
material, isotropic compression tests followed by sub-
sequent shearing stages have been performed.
In order to explore the material behaviour in a wide
range of stresses, the response of both grouted and
natural soil has been observed compressing the speci-
mens up to relatively high level of stresses (maximum
value of about 13 MPa) prior to shearing. In such tests
all the specimens have been saturated before testing,
in order to allow the measure of volume changes by
means of standard volume gauges.
In Figure 3 the results of the isotropic compression
tests are plotted in the v–log( p) plane. The figure also
shows the volumetric response as observed in the
subsequent triaxial shearing stages, discussed in
detail in the next section. The differences between
natural and grouted specimens are even more striking
than in the oedometric tests: the curves pertaining to
the grouted specimens, which are all characterised by
a similar initial void ratio, almost completely overlap
the ones relative to the natural soil. A yield stress of
2.5 MPa can clearly be identified in this case. Beyond
this value, a sharp change in compressibility is
observed, which indicates the ongoing of isotropic
destructuration. The three isotropic compression
curves of the natural pozzolana start from different
void ratios but show similar trends. No unique normal
compression line can be identified for them up to the
highest stress level applied, consistently with stand-
ard behaviour of granular materials. From a constitu-
tive point of view, this peculiarity adds a difficulty in
identifying a reference de-structured behaviour for
the artificially bonded pozzolana.
Triaxial testing. Eight triaxial tests have been car-
ried out: five on grouted specimens (three CID and
two CIU), and three CIU tests on natural specimens
(Table 3). The wide range of confining pressures
applied prior to shearing (0.05 MPa  p  13 MPa)
allows to test specimens which have experienced dif-
ferent degrees of structural degradation induced by
isotropic compression. In particular, one test has been
carried out applying a confining stress lower than the
yield value, while in all the other tests a confining
stress well above yield has been imposed.
The CID tests results are reported in Figure 4a in
terms of deviatoric stress (q) and volumetric strains (v)
against axial strains (a). Large dilation and a brittle
stress-strain behaviour is only observed in the case of
the very overconsolidated specimen (test with a con-
fining pressure of 0.3 MPa), while the other two tests
show a contractant response.
A similar behaviour can be observed for the CIU
test results reported in Figure 4b: in this case pore
pressure (u) is plotted against axial strains. Both tests
show an increase in excess pore water pressure with
axial strain, consistently with the contractant behav-
iour exhibited in the corresponding drained tests.
Three CIU tests have been carried out on natural
specimens (Fig. 4c). Two tests have been performed
applying a confining pressure lower or equal to 1 MPa,
while the third one has been subjected to a cell pres-
sure of 10 MPa prior to shearing. The tests at low cell
pressures show a similar value of the deviatoric stress
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Figure 3. Isotropic compression and triaxial behaviour of
natural and grouted pozzolana specimens (S  1).
Table 3. Triaxial testing programme.
Test Spec. v0 p(MPa) OCR q/ppeak
1 – CID grouted 1.81 0.3 43 2.16
2 – CID grouted 2.07 1.2 2.1 1.4
3 – CID grouted 1.76 5 2.6 1.5
4 – CIU grouted 2.17 5 1 1.65
5 – CIU grouted 1.76 13 1 1.5
6 – CIU natural 1.93 0.6 1 1.5
7 – CIU natural 1.91 1.1 1 1.64
8 – CIU natural 1.67 10 1 1.02
at peak (about 2 MPa) and a contractant volumetric
behaviour, with correspondingly low pore pressure
increments (0.1 MPa  u  0.4 MPa). In the test
carried out applying a confining pressure of 10 MPa,
a much larger value of the peak deviatoric stress has
been observed.
With the exception of the highly overconsolidated
specimen, all the triaxial tests performed on grouted
material show similar values of the maximum
mobilised stress ratio q/ppeak as indicated in Table 3.
4 ANALYSIS OF EXPERIMENTAL
RESULTS AND CONCLUSIONS
A first attempt to interpret the experimental obser-
vations discussed in the previous sections is here
proposed in the framework of Critical State Soil
Mechanics (CSSM) (Roscoe & Burland, 1968).
The volumetric response observed during the tri-
axial tests performed on both natural and artificially
cemented pozzolana sand is reported in Figure 3 in
the v–log(p) plot. In this plane it is possible to define
a unique normal compression line for the grouted
specimens, as already mentioned above.
Moreover, the final states observed during the triax-
ial tests performed on the cemented material lie along
a straight line that can be identified as the Critical
State Line (CSL) projection on the compressibility
plane. This line is almost parallel to the normal com-
pression line of the same grouted soil. This result is
consistent with the observation of a unique critical
state value of the stress ratio q/p mobilised during
both drained and undrained triaxial tests on grouted
pozzolana specimens. A unique Critical State can
thus be defined for the grouted material. Natural sam-
ples of pozzolana exhibit a less clear volumetric
response during shearing. Nonetheless, a careful
inspection of the results of the undrained triaxial tests
performed on natural specimens indicates that they
tend towards the same CSL deduced for the bonded
material in the v–log(p) plane.
Figure 5 shows in the q–p plane the stress paths
observed on natural and grouted pozzolana sand dur-
ing the triaxial tests: a unique critical state line of slope
M equal to 1.5 is also shown in the figure. A detailed
examination of the stress-strain behaviour summarized
in Figure 4 has allowed the yield point to be identified
for each triaxial test. Those points are reported in
Figure 5 along the corresponding stress paths.
In CSSM, the existence of a unique State Boundary
Surface (SBS) in the p–q–v space is postulated. It is
possible to represent this surface in a normalised plane
by means of the equivalent pressure pe, defined as the
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Figure 4. Results of triaxial tests: (a) CID tests on grouted specimens, (b) CIU tests on grouted specimens, (c) CIU tests on
natural specimens.
mean effective pressure read on the isotropic com-
pression line for the current specific volume. Figure 6
shows the stress paths relative to the grouted soil nor-
malised with respect to pe. A unique SBS can be
inferred for this set of results, as indicated in the figure.
The same figure also shows the vectors representing
the direction of the increment of plastic strain as evalu-
ated at yield. These have been calculated based on the
total strain components measured during the tests and
the corresponding elastic portion, evaluated assuming
an elastic constitutive model for the soil.
To perform a comparison of the normalised paths
observed on the grouted and natural soil, an alterna-
tive normalising approach has been adopted. In fact,
the stress paths have been normalised with respect to
the critical state mean effective pressure pcs, defined
as the pressure on the CSL corresponding to the current
specific volume. This was necessary as for the natural
material no unique isotropic compression line has been
observed, making impossible to adopt the equivalent
pressure as normalising factor. On the contrary, a unique
Critical State Line has been detected, allowing to adopt
it as a unique reference state for both the natural and
grouted samples. This normalisation is reported in
Figure 7, where the two resulting SBS for the grouted
and natural material are sketched. As expected, the
grouted material is characterised by a larger SBS as
compared to the one obtained by the natural soil, the
differences being in terms of dimension but not in
shape. This last finding can be interpreted as an indi-
cation of the isotropic character of the structuring and
de-structuring process induced on the grouted material.
Finally, no conclusive indications emerge from the
data concerning the character of the flow rule (associ-
ate or not) of this artificially bonded material. At this
scope, further experimental investigation is required.
REFERENCES
Aversa S. 1991. Mechanical behaviour of soft rocks:
some remarks. Proc. of the Workshop on “Experimental
862
0 5 10 15
p' (MPa)
0
5
10
15
q 
(M
Pa
)
CIU grouted
CIU grouted
CID grouted
CID grouted
CID grouted
CIU natural
CIU natural
CIU natural
yield point
M
Figure 5. Stress paths of both natural and grouted specimens.
0 0.5 1
p'/p'e;δεpv
0
0.5
1
q/
p'e
;δε
p s
Figure 6. Grouted material, stress paths normalized with
respect to pe.
0 0.5 1 1.5 2 2.5
p'/p'cs
0
0.5
1
1.5
2
2.5
q/
p'c
s
grouted
natural
Figure 7. Grouted material, stress paths normalized with
respect to pcs.
characterization and modelling of soils and soft rocks”,
Napoli, Italy, p. 191–223.
Jefferies S.A. 2003. Long term performance of grouts and
the effects of grout by-products. Proc. III Int. Conf. on
Grouting and Ground Treatment, ASCE, p. 1141–1152.
Kavvadas M. & Anagnostopoulos A. 1998. A framework for
the mechanical behaviour of structured soils, Proc. II Int.
Symp. on the Geotechnics of Hard Soil-Soft Rocks, Napoli:
Balkema.
Lirer S., Flora A., Borrelli M., Evangelista A. 2004.
Modelling low pressure grouting of unsaturated silty sands.
Proc. V Int. Conf. on Ground Improvement Techniques,
Kuala Lumpur, Malaysia, p. 211–218.
Lirer S. , Flora A., Evangelista A., Verdolotti L., Lavorgna M.,
Iannace S. 2004. Laboratory investigation on the mechan-
ical effectiveness of low pressure grouting of pyroclastic
silty sands. Proc. V Int. Conf. on Ground Improvement
Techniques, Kuala Lumpur, Malaysia, p. 203–210.
Littlejohn G.S. 2003. The development of practice in perme-
ation and compensation grouting: a historical review
(1802–2002). Part 1: permeation grouting. Keynote
Lecture, Proc. III Int. Conf. on Grouting and Ground
Treatment, ASCE, p.50–144.
Littlejohn G.S. & Haji-Bakar 1992. Engineering properties
and behaviour of silicate grouted sand. Proc. of the
Conference “Grouting in the ground”, London, p. 25–35.
Liu M.D. & Carter J.P. (1998). On the volumetric deform-
ation of reconstituted soils. Research Report no R765,
The University of Sidney NSW 2006, Australia.
Maccarini M. 1987. Laboratory studies of a weakly bonded
artificial soil. Ph.D. Thesis, University of London.
Mitchell J.K. 1976. Fundamentals of Soil Behaviour. New
York: John Wiley.
Nicotera M.V. 1988. The effects of the degree of saturation
on the mechanical behaviour of a neapolitan pozzolana.
Ph.D. Thesis, University of Napoli Federico II (in Italian).
Pellegrino A. 1967. Physical and mechanical properties of
the neapolitan volcanic soils. Proc. VIII Italian Geotech-
nical Conference, Cagliari, Italy, p. 113–145 (in Italian).
Roscoe K.H. & Burland J.B. 1968. On the generalised
stress-strain behaviour of “wet” clay. Engineering
Plasticity, Cambridge University Press, Cambridge, 
p. 535–609.
Scotto Di Santolo A. 2000. Analysis of a steep slope in
unsaturated pyroclastic soils. Proc. of the Asian Conf. on
Unsaturated Soils, Singapore, p. 569–574.
Sheikh B.A. & Jefferies S.A. 1992. Prediction of the strength
of chemically grouted sand. Proc. of the Conference
“Grouting in the ground”, London, p. 53–70.
863

